Background: Derangements of the gut microbiome have been linked to increased systemic inflammation and central nervous system disorders, including schizophrenia. This systematic review thus aimed to investigate the hypothesis that probiotic supplementation improves schizophrenia symptoms. Methods: By using the keywords (probiotic OR gut OR microbiota OR microbiome OR yogurt OR yoghurt OR lactobacillus OR bifidobacterium) AND (schizophrenia OR psychosis), a preliminary search of the PubMed, Medline, Embase, Google Scholar, ClinicalTrials.gov, Clinical Trials Register of the Cochrane Collaboration Depression, Anxiety and Neurosis Group (CCDANTR), and Cochrane Field for Complementary Medicine databases yielded 329 papers published in English between January 1, 1960 and May 1, 2018. Attempts were made to search grey literature as well. Results: Three clinical studies were reviewed, comparing the use of probiotics to placebo controls. Applying per-protocol analysis and a fixed-effects model, there was no significant difference in schizophrenia symptoms between the group that received probiotic supplementation and the placebo group post-intervention as the standardized mean difference was -0.0884 (95% CI -0.380 to 0.204, p = 0.551). Separate analyses were performed to investigate the effect of probiotic supplementation on positive or negative symptoms of schizophrenia alone. In both instances, no significant difference was observed as well. Conclusion: Based on current evidence, limited inferences can be made regarding the efficacy of probiotics in schizophrenia. Although probiotics may have other benefits, for example to regulate bowel movement and ameliorate the metabolic effects of antipsychotic medications, the clinical utility of probiotics in the treatment of schizophrenia patients remains to be validated by future clinical studies.
Introduction
Although schizophrenia affects less than 1% of the global population [1] , it is a debilitating chronic condition that carries significant physical and mental morbidity and socioeconomic costs [2] . In the USA, the total di- rect and indirect costs of schizophrenia in 2013 was estimated to be a staggering USD 155.7 billion [3] . Patients with schizophrenia suffer from a combination of "positive" psychotic symptoms (e.g., delusions and hallucinations) and "negative" symptoms (e.g., blunted affect, social withdrawal, and avolition of speech) [4] . Negative symptoms are particularly difficult to treat, and current psychopharmacological options remain limited [5] . The persistence of these negative symptoms results in the loss of cognitive functions and productivity, inevitably contributing to the immense personal and socioeconomic costs of schizophrenia.
Increasing research into the pathogenesis of schizophrenia has implicated the potential role of the human microbiome and "gut-brain axis," i.e., the bidirectional signaling between the central and enteric nervous system [6] . Deranged gut microbiota has been associated with increased systemic inflammation [7] , and the resulting neuroinflammation is thought to be directly linked to schizophrenia [8] . In a recent study, patients with firstepisode psychosis were found to have a markedly altered fecal microbiota taxonomic signature compared to nonpsychiatric controls, with a relatively increased abundance of Lactobacillaceae, Halothiobacillaceae, Brucellaceae, and Micrococcineae, and decreased Veillonellaceae [9] . This was particularly evident in schizophrenic patients with more negative symptoms and poorer global functioning.
By extension, probiotic supplementation could thus be potentially beneficial for tackling the negative symptoms in patients with schizophrenia. Probiotic supplementation has been shown to have sustained effects on gut microbiota [10] and probiotics have demonstrated anti-inflammatory and immune-modulatory properties [11] . Like several natural products and nutraceuticals [12] , probiotics have gained enormous popularity for myriad clinical applications, including gastrointestinal disorders and mood disorders [13, 14] . As no previous systematic review or meta-analysis has been done to investigate the effect of probiotic supplementation on schizophrenia symptoms, this study aims to provide the first review on the topic and generate hypotheses for future research.
Methods
To achieve a high standard of reporting, we adopted the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [15] January 1, 1960 and May 1, 2018. Grey literature was searched for using the Google search engine and the Open System for Information on Grey Literature in Europe (Open-SIGLE) database. The study investigators (Q.X.N., N.V., and C.Y.X.H.) performed independent title/abstract screening in order to identify articles of interest. For relevant abstracts, full articles were obtained, reviewed, and also checked for references of interest. If necessary, the authors of the articles were contacted to provide additional data. The review protocol was not prospectively registered.
Full articles were reviewed by 3 investigators (Q.X.N., N.V., and C.Y.X.H.) for inclusion. Any disagreement was resolved by discussion and consensus amongst the 3 investigators. The inclusion criteria for this review were as follow: (1) a published clinical trial, (2) specified dose of probiotic administered as an active intervention, and (3) schizophrenia symptoms were quantified using a validated rating scale, e.g., Positive and Negative Syndrome Scale (PANSS) pre-and post-intervention.
The methodological quality of the eligible clinical trials was assessed using the Cochrane Collaboration's tool for assessing risk of bias [16] by discussion and consensus amongst all study investigators. Information on the study design, study population, and outcome measures of the studies reviewed were extracted and summarized in Table 1 . The primary outcome measure of interest was Cohen's d, the calculated standardized mean difference (SMD) for change in psychotic symptoms, as quantified using a validated rating scale, e.g., PANSS from baseline with intervention. Estimates were pooled and the corresponding 95% confidence intervals (95% CI) and p values were calculated. Heterogeneity amongst the different studies pooled was assessed using the I 2 statistic and Cochran's Q test. If heterogeneity was small (I 2 ≤50%), a fixedeffects model was applied for the meta-analysis. All statistical analyses were performed using MedCalc Statistical Software version 14.8.1 (MedCalc Software bvba, Ostend, Belgium; http://www. medcalc.org; 2014).
Results
The literature search and abstraction process is summarized in Figure 1 . No studies were found through the grey literature search. Table 1 shows the salient details of the three clinical studies reviewed. None of the authors had to be contacted to provide additional data. As the number of available studies were small (< 10), a funnel plot or Egger test was not performed to assess publication bias and sensitivity analysis was not done. In fact, all three published studies were based on the same clinical trial (ClinicalTrials.gov identifier NCT01242371). It was encouraging that these [17] [18] [19] were randomized, placebo-controlled, double-blind studies with a generally low risk of bias (Table 2) . However, the method for generation of a randomized sequence was unclear in all of the studies. The latter studies [18, 19] were also follow-up studies conducted using the same patient population [17] . None of the three studies found a significant difference for probiotic supplementation on PANSS scores.
Symptoms, Comparing Probiotic Supplementation, and Placebo
In all three studies, patients were maintained on their regular antipsychotic treatment, with or without adjunctive probiotic supplementation. As seen in Figure 2 , applying per-protocol analysis and a fixed-effects model, there was no statistically significant difference in schizophrenia symptoms (total PANSS score) between the group that received probiotic supplementation and the placebo group post-intervention as the SMD (Cohen's d) was -0.0884 (95% CI -0.380 to 0.204, p = 0.551). A fixed-effects model was chosen as all three studies were drawn from the same patient population. Separate analyses were performed to investigate the effect of probiotic supplementation on "positive" psychotic symptoms (e.g., delusions and hallucinations) or "negative" symptoms (e.g., blunted affect, social withdrawal, and avolition of speech) alone. In both instances, no significant difference was observed as well. 
Discussion
This is the first systematic review reporting the effect of probiotic supplementation on schizophrenia symptoms. Despite promising preclinical data on the anti-inflammatory and immunomodulatory effects of probiotics [11] and the hypothesized link between immune dysfunction, neuroinflammation, and schizophrenia pathogenesis, there is a dearth of clinical studies on the effects of probiotic supplementation on schizophrenia symptoms. Only one clinical trial was identified despite a thorough and systematic literature search. All three published studies were based on the same clinical trial (ClinicalTrials. gov identifier NCT01242371). Current evidence does not support an adjunctive role of probiotics in the management of schizophrenia, as the effects on schizophrenia symptoms were statistically insignificant (SMD -0.0884, 95% CI -0.380 to 0.204, p = 0.551).
Although no significant improvements in schizophrenia symptoms were observed with probiotic supplementation, other potential functions may exist, especially since probiotics are generally safe and well tolerated [20] . There is evidence that probiotics may alleviate the unwanted constipation [17, 21] , weight gain, and adverse metabolic effects [22] commonly associated with antipsychotic use. In the study by Tomasik et al. [19] , probiotic supplementation was found to significantly increase brain-derived neurotrophic factor (BDNF) levels. BDNF has a postulated role in neuroplasticity and neuronal survival [23] , and alterations in BDNF have been associated with the cognitive deficits common in chronic schizophrenia [24] .
Moreover, derangements of gut microbiota contribute to elevated serum levels of pro-inflammatory cytokines [7] and a correlation between the level of inflammatory markers and severity of psychotic symptoms has been reported [25] . At present, neuroinflammation [8] and immune dysfunction [26] have been implicated in the pathogenesis of schizophrenia. The human microbiome is thought to modulate inflammation and immune function and act either directly or indirectly through microbial metabolites. Although gaps exist in our current understanding of the interplay between gut microbiota and host immunity, gut microbes may produce bioactive "immunomodulins" and regulatory cytokines such as interleukin-10 and tumor necrosis factor-β that attenuate systemic inflammation [27] . Furthermore, microbial biosynthesis and modulation of neurotransmitters that cross the blood-brain barrier such as serotonin [28] and γ-aminobutyric acid (GABA) [29] can influence brain function and affect.
Moving forward, there is a clear need for more randomized, controlled trials to strengthen the current evidence base. There is a paucity of clinical studies and fu- ture clinical trials should also report secondary outcomes such as metabolic indices, to further explore the potential benefits of probiotic supplementation. Further mechanistic studies enabled by the advent of "omics" technology would also be helpful [30] . It is also vital that future studies continue to report the specific strain of probiotics used as the efficacy of probiotics is known to be strain and disease specific [31] .
Conclusion
This is the first systematic review and meta-analysis investigating the effect of probiotic supplementation on schizophrenia symptoms. At present, limited inferences can be made regarding the efficacy of probiotics in schizophrenia. Despite promising preclinical data on the antiinflammatory and immunomodulatory effects of probiotics and the hypothesized link between immune dysfunction, neuroinflammation, and schizophrenia pathogenesis, there is a paucity of clinical studies to support the benefits of probiotic supplementation in patients with schizophrenia. The pooled SMD of -0.0884 (95% CI -0.380 to 0.204, p = 0.551) based on three studies indicates the non-significant effect of probiotics on schizophrenia symptoms. Although probiotics may have other benefits, e.g., to regulate bowel movement and ameliorate the metabolic effects of antipsychotic medications, the clinical use of probiotics in schizophrenia cannot be recommended until more studies are available. The clinical utility of probiotics in the treatment of schizophrenia patients remains to be validated by future clinical studies.
